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Abstract
Space-time block coding (STBC) scheme has proved to
be efficient in enhancing the performance of communi-
cation systems in terms of both bit-error-rate (BER) and
symbol-error-rate (SER). Adaptive bit and power alloca-
tion (ABPA), on the other hand, is an adaptive modula-
tion scheme that assigns an optimum symbol constellation
and power to all subcarriers in a multi-carrier system to
improve spectral and power efficiency. In this work, we
combine a lookup matrix based ABPA algorithm with sub-
channel grouping (LM-SG-ABPA) and STBC for orthogonal
frequency division multiplexing (OFDM) systems to further
enhance the performance and support high data rate appli-
cations. Numerical results showed that the proposed trans-
mission structure achieves not only a significantly higher
spectral and power efficiency over systems that do not em-
ploy any ABPA schemes, but also a better error probability
performance in a multiple-input multiple-output (MIMO)
channel.
1. Introduction
Increasing demands for high spectral efficiency and
reliable communication revealed the need for advanced
transmission techniques in multiple-input multiple-output
(MIMO) channels [1]-[3]. In particular, space-time coding
[3] demonstrated that it can greatly improve system capac-
ity and error rate performance when data symbol energy is
spread across space and time. This performance improve-
ment, however, came with dramatic increase in coding and
decoding complexity. Space-time block coding (STBC)
was then later introduced in [4] to mitigate this computa-
tional load and still retain much of the performance gain.
To enhance the spectral efficiency of band limited sys-
tems, various adaptive multicarrier modulation schemes,
namely adaptive bit and power allocation (ABPA), have
been reported in [5] - [7]. Their proposed allocation algo-
rithms are, however, either computationally inefficient or
impractical due to slow convergence speed.
In this paper, we introduce a transmission structure that
incorporates an algorithmically efficient LM-SG-ABPA
scheme in [8] with STBC (called LM-SG-ABPA-STBC) for
MIMO-OFDM systems. By knowing the sub-channel gain,
the proposed configuration first constructs a lookup matrix
based on a target BER constraint. Then it identifies sub-
carriers that require the least amount of power for trans-
mitting an additional data bit and perform a bit-by-bit allo-
cation scheme across the subcarriers. The resultant effect
of this adaptive modulation scheme is the optimum alloca-
tion of data rate and power across subcarrier so that maxi-
mum spectral efficiency is achieved without wasting power
or sacrificing BER. To reduce the size of the lookup matrix
and amount of feedback signaling bandwidth, the concept
of sub-channel grouping is utilized. The adaptively mod-
ulated output symbols are then space-time block encoded
within each subcarrier before transmitting on the antennas
for further improving the error rate performance.
Notation used in this paper: (.)T , and (.)H are vector,
and Hermitian transposition respectively. ‖A‖F denotes the
Frobenius norm of matrix A. Finally, capital bold letters
represent matrices, and small underlined letters are vectors.
2. System Model
Consider a MIMO-OFDM wireless communication sys-
tem employing Nt transmit and Nr receive antennas. We
assume that the system is wideband and Nc orthogonal fre-
quency subcarriers are utilized. We also assume that Nc
is large enough so that each subcarrier can be considered
as narrowband. In general, broadband OFDM signal prop-
agation experiences frequency-selective fading and causes
subcarriers to attenuate differently. Let us define the chan-
nel impulse response vector between the ith transmit and
the jth receive antenna as hi,j = [hi,j(1), · · · , hi,j(L− 1)]
with L denoting the channel order. In this work, impulse
response vector elements are modelled as complex Gaus-
sian random variables having Jakes power spectral density.
A general structure of this OFDM system combined with
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the proposed LM-SG-ABPA scheme and STBC is shown in
Fig. 1, which we will specify next.
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Figure 1. General structure of proposed
OFDM transmission scheme employing adap-
tive modulation and space-time block coding.
At the transmitter, Ns information bits are first serial-to-
parallel converted into Nc frequency subcarriers before the
LM-SG-ABPA adaptive modulation process. Based on the
channel estimates in the receiver feedback message, differ-
ent baseband signal constellation size is used and power is
allocated for different subcarriers during the LM-SG-ABPA
process. Therefore, the number of information bits trans-
mitted varies from one subcarrier to another. Denote ρk as
the amount of power allocated to the kth subcarrier and let
the commonly used notation {Mk|k = 1, · · · , Nc} be the
assigned signal constellation for OFDM subcarriers. Hence
ωk = log2 Mk is the number of information bits assigned to
the kth subcarrier, i.e. 2ωk − ary PSK or 2ωk − ary QAM,
and Ns =
∑Nc
k=1 ωk. The detailed of LM-SG-ABPA pro-
cess will be describe in Section 3.
Since data symbols are ST block encoded in the pro-
posed transmission structure, we regard all signal transmis-
sions under consideration here as block transmissions. In
the well-known STBC of [4], a different ST block encoding
matrix requires different number of input data symbols for
different number of transmit antennas. We assume that the
space-time block encoding matrix G4
G4 =

s1 s2 s3 s4
−s2 s1 −s4 s3
−s3 s4 s1 −s2
−s4 −s3 s2 s1
s∗1 s
∗
2 s
∗
3 s
∗
4
−s∗2 s∗1 −s∗4 s∗3
−s∗3 s∗4 s∗1 −s∗2
−s∗4 −s∗3 s∗2 s∗1

(1)
is employed for systems with Nt = 4. In this case, four
input data symbols per subcarrier is required for ST block
encoding and the signal (block) transmission of this ma-
trix will take over eight OFDM-symbol length to complete.
Thus, block encoding rate of G4 is 0.5 and the data trans-
mission rate of the system becomes 0.5
∑Nc
k=1 ωk. If G2 is
used instead with Nt = 2, then it will incur no rate loss.
Let Xk be an encoded matrix at the output of space-time
block encoder and transmitted on the kth subcarrier using
Nt transmit antennas over the frequency-selective channel.
Note that the difference between Xk and X ∀  = k is
not only the information data that matrices are containing
but also the modulating constellation used and power that
is allocated. At the receiver, suppose that discrete Fourier
transformation is applied to the received signals from Nr
antennas. Then the discrete time baseband equivalent ex-
pression of the received signal will be
Yk =
√
ρk
Nt
XkHk + Ek (2)
where Ek is a additive Gaussian noise matrix at the re-
ceiver with each element having zero mean and σ2k vari-
ance. Hk ∈ CNt×Nr is the channel frequency response
matrix with its (i, j)th entry Hk(i, j) = hi,jfk and fk =
[1, e−j2π(k−1)/Nc , · · · , e−j2π(k−1)τL−1/Nc ]T ∈ CL×1 is
the corresponding discrete Fourier transform coefficients.
At the receiver, channel estimation is performed by eval-
uating pilot tones embedded in the transmitted signal, then
it is fed into the variable rate demodulator (VRD). The In-
ternal structure of VRD consists of a maximum ratio com-
biner (MRC), a maximum likelihood detector (MLD) for
decoding of STBC data symbols and a channel decoder for
baseband demodulation of different signal constellation size
used across subcarriers. Clearly, the receiver performs re-
verse functions of transmitter structure. Hence, the decision
matrix evaluating at the MLD for the detection of Xk has
the following form
X̂k = argmin
Xk
∥∥∥Yk −√ ρk
Nt
XkHk
∥∥∥2
F
. (3)
3. LM-SG-ABPA Algorithm
In this paper, the main objective of LM-SG-ABPA
scheme is to maximize system throughput regardless of the
block encoding rate of the STBC matrix that is used. How-
ever, this should be done subject to a total transmit power
constraint while achieving a target BER performance on
each subcarrier. Let us denote BERtar to be the target BER,
2ωk to be the symbol constellation size and ρk to be the
power transmitted on the kth subcarrier. Then we can for-
mulate the constrained optimization problem as
maximize
Nc∑
k=1
ωk
s.t. C1) BERk ≤ BERtar and C2)
Nc∑
k=1
ρk = PT (4)
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where Nc is the total number of OFDM subcarriers, PT is
the total available transmit power for all subcarriers and an-
tennas, and BERk is the average BER evaluated at the kth
subcarrier.
In order to maximize the data rate while achieving a de-
sirable error rate performance without increasing the trans-
mission power, we need to identify a SNR level that is
necessary to achieve the target BER before conducting the
adaptive bit and power allocation procedure. Therefore, in
this section, we will first utilize BER approximation to ob-
tain the required levels of SNR for different signal constel-
lation sizes, and then describe the loading steps of our pro-
posed algorithm.
3.1. BER Approximation
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Figure 2. BER approximation for square M -
ary QAM signals with Gray bit mapping.
Assuming that channel fading gains are perfectly known
at the receiver. By examining (3), it is clear that the receive
SNR of the kth subcarrier at the output of MRC has a form
SNRk =
εsρk
σ2kNt
‖Hk‖2F (5)
where εs = E{|xk|2} is the averaged baseband symbol en-
ergy. From here we can define the instantaneous channel-
to-noise ratio (CNR) at the kth frequency tone as
CNRk =
‖Hk‖2F
σ2k
. (6)
For M -ary QAM baseband modulated system, the BER
is approximated as [9]
BERk ≈ 0.2 exp
(
1.6 SNRk
2ωk − 1
)
. (7)
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Figure 3. BER approximation for M -ary PSK
signals with Gray bit mapping.
In Fig. 2, we plotted the BER curves for different QAM
constellation size as a function of SNR. Even though this
is a generic plot of BER for QAM signals, it can be used
for the construction of lookup matrix in our proposed adap-
tive modulation scheme as we will explain in the next Sub-
Section.
If we rearrange (7) and express it as a function of the
required SNR for a target BER and a particular QAM con-
stellation size ω, it will be in the following form
SNRωreq ≈
(ln(BERtar0.2 ))(1−M)
1.6
. (8)
The same approach can be used for M -ary PSK signals.
The BER equation can be expressed as follows
BERk ≈ 1
ωk
erfc
(√
SNRk sin
( π
2ωk
))
(9)
where erfc(·) is the standard complementary error func-
tion defined as erfc(y) = (2/
√
π)
∫∞
y
exp(−t2) dt. Again,
generic BER curves are plotted for M -ary PSK modulated
signals as shown in Fig. 3.
3.2. Algorithm Description
Let us first describe lookup matrix-ABPA (LM-ABPA)
scheme without sub-channel grouping to understand our
adaptive allocation process. The algorithm is divided into
two major sections: preliminary and loading. Steps in-
volved in the preliminary section need to be performed only
at the system initialization stage. Steps in the loading sec-
tion, however, need to be performed for every new block
transmission.
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Figure 4. An illustration of the LM-ABPA
scheme with Nc = 64 and PT/Nc is normal-
ized to unity. Top: channel-to-noise ratio in
dB. Center: bit allocation for 64 subcarriers.
Bottom: power allocation for 64 subcarriers.
Preliminary
Step 1: Determine system BERtar, e.g. 10−3, 10−4.
Step 2: Create SNRreq = [SNR1req, · · · ,SNRωmaxreq ]T vec-
tor for a chosen signal constellation, e.g. PSK, QAM.
Elements of this vector can either be found by evalu-
ating (8) or by computer simulation of getting an ap-
proximation from Fig. 2 and 3.
Loading
Step 1: Based on the receiver feedback message of SNRk,
estimate CNRk ∀ k by using (6).
Step 2: Construct a Lookup Matrix Ψ ∈ Rωmax×Nc by
computing SNRreq/CNRk ∀ k. The column indexes
of Ψ correspond to OFDM subcarriers and row in-
dexes correspond to constellation sizes, ω. Thus, the
elements of the matrix represent the power required to
transmit ω bits for a particular subcarrier and still sat-
isfy constraint C1 in (4).
Step 3: To ensure that the least amount of power is al-
ways assigned for allocating an addition data bit, we
convert Ψ to an incremental power matrix by creat-
ing another matrix Ψ′ = Ψ(1 : log2(ωmax) − 1, 1 :
Nc) ∈ R(log2(ωmax)−1)×Nc . The conversion of Ψ
to an incremental power matrix is then performed as
Ψ = Ψ− [01×Nc Ψ′]Tlog2(ωmax)×Nc .
Step 4: Add up elements in the lookup matrix Ψ starting
from the smallest value. Due to the total power con-
straint C2, the sum of elements added must be ≤ PT.
Step 5: The final row index and the value in the kth col-
umn corresponds to the number of data bits and power
that should be allocated to the kth subcarrier.
After having LM-ABPA allocation algorithm steps de-
scribed, it is easy to see that the bit and power allocation
algorithm is an algorithm constantly searching for the least
amount of power to transmit an extra bit of data ensuring
maximum spectral and power efficiency and satisfying both
total power and error performance constrains. An example
of LM-ABPA result is shown in Fig. 4 with Nc = 64 and
PT/Nc is normalized to unity.
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Figure 5. An illustration of LM-SG-ABPA
scheme with Nc = 64 and PT/Nc is normal-
ized to unity. Top: channel-to-noise ratio in
dB. Center: bit allocation for 64 subcarriers.
Bottom: power allocation for 64 subcarriers.
3.3. Sub-Channel Grouping
To further reduce the complexity of the proposed
scheme, sub-channel grouping based on the channel coher-
ent bandwidth can be used at both the transmitter and the re-
ceiver. By grouping subcarriers that are within one coherent
bandwidth of the channel, we process multiple subcarriers
at a time rather than individually. If the channel coherent
bandwidth is equivalent to a bandwidth of Ng subcarriers,
then the immediate reduction in computation is in a order
of Nc/Ng . However, the benefit of sub-channel grouping
can only be experienced with the channel being slow fad-
ing. In a fast fading environment, i.e., with high Doppler
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spread, LM-ABPA scheme should be used. Fig. 5 depicts
the resultant bit and power allocation across subcarriers of
the proposed LM-SG-ABPA scheme under the same chan-
nel condition as in Fig. 4 and the coherent channel band-
width is assumed to be equivalent to Ng = 2. It is worth
noting that both transmitter and receiver processing simpli-
fication from sub-channel grouping will not affect ST block
encoding and decoding process. Thus, benefits of diversity
gain and coding advantage offered by the STBC technique
are retained for the overall system.
4. Simulation Results
Figure 6. BER and SER performance curves
for OFDM systems with the proposed LM-SG-
ABPA-STBC transmission structure and sys-
tems with adaptive modulation scheme (LM-
SG-ABPA) only.
Figure 6 shows error probability performance curves
of OFDM systems employing the proposed transmission
scheme (LM-SG-ABPA-STBC) and systems with an adap-
tive modulation (LM-SG-ABPA) scheme only. It is clear
that the BER performance of systems with LM-SG-ABPA
scheme is constantly maintained at a BERtar of 10−3
and systems with LM-SG-ABPA-STBC scheme achieves a
lower BER of approximately 3·10−4. Thus, it demonstrated
that the proposed scheme, LM-SG-ABPA-STBC, gives a
better performance in both BER and SER. In terms of the
spectral efficiency between these two schemes, they would
have the same data throughput rate as long as G2 ST block
encoding matrix is used in the proposed transmission struc-
ture. As mentioned before, the data rate is halved if G4
encoding matrix is used.
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Figure 7. Spectral efficiency of non-adaptive
OFDM and LM-SG-ABPA-STBC systems for
different values of BERtar.
Now consider the spectral efficiency of OFDM systems
employing the proposed transmission structure and com-
pare it with OFDM systems that do not employ this scheme,
assuming that the G2 encoding matrix is used for STBC. By
inverting (7), we can express the instantaneous data rate ωk
of QAM modulated signals under a target BER for a given
SNR as
ωk = log2
(
1.6 SNRk
ln
(
BERtar
0.2
)). (10)
For non-adaptive OFDM systems, according to [10], the
spectral efficiency can be expressed as
ω = log2
(
1 +
1.6 SNR
ln
(
0.2
BERtar
− 1
)). (11)
Therefore, the mean spectral efficiency (S) can be found by
average ω over all possible channel realizations. In Fig. 7,
we showed the average spectral efficiency of non-adaptive
OFDM systems and systems employing the proposed LM-
SG-ABPA-STBC scheme for different BERtar.
The power efficiency of adaptive systems (watts / bit) can
be found as
PLM−SG−ABPA = PT/S. (12)
For non-adaptive system, it has the form
P = PT/ωNc. (13)
Figure 8 and 9 show the power efficiency of LM-SG-ABPA-
STBC and non-adaptive systems, respectively, with PT/Nc
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normalized to unity. It is clear that LM-SG-ABPA-STBC
system requires considerably less power per bit than the
non-adaptive system for the same BER.
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Figure 8. Power efficiency of LM-SG-ABPA-
STBC systems for different values of BERtar.
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Figure 9. Power efficiency of non-adaptive
OFDM systems for different values of BERtar.
5. Conclusions
In this paper a new transmission structure that combines
adaptive modulation with STBC forMIMO-OFDM systems
is proposed. With an effective utilization of receiver feed-
back message, optimum allocation of information bits and
transmit power to subcarriers is performed and the spectral
and power efficiency of space-time block encoded OFDM
is greatly improved. To simplify the overall computation
complexity of the system, sub-channel grouping is incorpo-
rated within the adaptive modulation scheme to reduce the
lookup matrix size and the amount of feedback signalling.
Simulation results demonstrated that the proposed LM-SG-
ABPA-STBC scheme achieves a significantly higher spec-
tral and power efficiency over systems that do not employ
this scheme and at the same time gives a lower BER than
the target BER of the system.
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